ABSTRACT Feeding behavior of the spruce budworm, Choristoneura fumiferana (Clemens), in multiple exposures to Foray 48B formulation of Bacillus thuringiensis Berliner subsp. kurstaki (Btk) was studied in the laboratory. A signiÞcant proportion of fourth-and Þfth-instar larvae that were exposed to a Btk-contaminated food completely abstained from feeding on that food, even if these larvae had not previously been exposed to Btk-contaminated food. The occurrence of this behavior was higher in fourth-instar than in Þfth-instar larvae and decreased with increasing Þfth-instar weight. It is suggested that only larvae that have a reduced appetite can successfully abstain from feeding on the Btk-contaminated food over a 24-h period and that active ingredients of Btk or fermentation byproducts associated with the crystal/spore suspension are involved in the process. Spruce budworm did not exhibit aversion learning to Btk, which lead us to conclude that the Þeld efÞciency of multiple Btk applications should not be reduced by the behavioral response of spruce budworm larvae.
SINGLE AND DOUBLE aerial applications of Bacillus thuringiensis Berliner subsp. kurstaki (Btk) are widely used to suppress spruce budworm, Choristoneura fumiferana (Clemens), populations the most destructive insect defoliator of spruce-Þr forests in eastern North America. To be activated, the Btk endotoxin must be dissolved in the alkaline digestive juices of the larval midgut (Percy and Fast 1983) and then bound to highly speciÞc receptors on the midgut epithelial cells (Nakanishi et al. 1999 ). The speciÞcity granted by this mode of action is an important advantage of this insecticide. However, since the Btk endotoxin needs to be ingested to be effective, the success of spray applications could be inßuenced by insect behavior that hampers acquisition of a lethal dose.
The behavioral response of larvae has received little attention in studies examining the effects of Btk on the spruce budworm. Retnakaran et al. (1983) observed that sixth-instar larvae were totally incapable of discriminating between diets with and without Btk spores and crystals over a 24-h period. In another choice assay, Ramachandran et al. (1993) observed that second instars begin to manifest a preference for untreated diet after 3 d. Because Btk sprays are usually targeted against fourth and Þfth-instar larvae and also because larval feeding behavior (McGugan 1954) and vulnerability to Btk differ among instars, results of these studies cannot be readily applied to aerial sprays.
In a recent no-choice assay with the spruce budworm, we observed that fourth-instar larvae sometimes abstain from feeding on food resources containing Btk (unpublished data). This observation is new, because larvae that avoid B.t. usually do so after some amount of feeding (Gould et al. 1991 , Ramachandran et al. 1993 , Robison et al. 1994 . The percentage of larvae that exhibit this behavior did not exceed 20% when they were exposed to Btk only once, but it is well known that insects can modify their behavior with experience (see reviews by Alloway [1972] and Papaj and Prokopy [1989] ). If feeding abstention indicates that spruce budworm larvae possess the ability to detect the Btk formulation before ingestion, then associative learning caused by the post-Btk ingestion malaise and producing an aversion to Btk could severely reduce the efÞciency of subsequent applications. The term feeding abstention is used to differentiate this behavior from "avoidance" and "feeding inhibition." Avoidance generally implies that the insect is moving away from the food resource (escape behavior) and its use is improper in no-choice conditions. Feeding inhibition is a physiological condition resulting from Btk ingestion ).
The objectives of this study were to determine if the behavioral response of spruce budworm could potentially reduce the efÞcacy of multiple exposure to Btk, to assess the learning capacity of spruce budworm in response to severe short-term stress caused by Btk ingestion, and to document the occurrence of feeding abstention in spruce budworm larvae. We hypothesized that surviving individuals in the population following an exposure to Btk would manifest an aversion to Btk because of postingestional malaise experienced following ingestion. These insects would then behave in a way that reduces the ingestion of Btk when subsequently exposed to the toxin. Dose ingestion and feeding abstention were selected as criteria to test this hypothesis.
Materials and Methods
Insects. Postdiapause second-instar spruce budworm larvae were obtained from the Canadian Forest Service insect production unit, Sault Ste. Marie, Ontario. Larvae were reared on artiÞcial diet adapted from McMorran (1965) to simulate balsam Þr (Abies balsamea (L.) Mill.) foliage proÞle in sugar and nitrogen (8% sugar, 4% nitrogen, dry weight) in 30 ml plastic cups. Larvae were maintained in a growth chamber following the conditions reported by Robertson (1985) at 23ЊC, 55Ð 65% RH, and a photoperiod of 16:8 (L:D) h. Development of individual larvae was monitored daily, and feeding substrate was changed every 10 d to maintain its quality. Insects were sexed during the third instar (Robertson 1985) , and males were discarded because male and female spruce budworm larvae have similar pupal weight, development time, mortality, and feeding behavior when exposed to Btk (Bidon 1999). Twenty-four h after their molt to fourth instar, 600 larvae were randomly distributed among seven treatments. Insects were weighed before feeding tests.
Feeding Tests. Feeding tests used in this study were essentially identical to those described in Moreau and Bauce (2001) . Brießy, insects were exposed individually to a cellulose nitrate disk, 3.3 mm in diameter, punched from 0.45 m pore Þlter paper strips (Sartorius), and pinned in the center of a 550-mm 3 arena. All disks were impregnated with 5 l of a sugar/ nitrogen solution to stimulate feeding and provide the insect a feeding substrate comparable to host tree foliage. Cellulose disks were impregnated with 3 l of distilled water or with 3 l of one of three different dilutions of Foray 48B (Btk, Abbott, Chicago, IL) at concentrations of 4.25, 8.5, and 17 International Units (IU)/l. Foray 48B contains a mixture of crystals and spores of Btk at a potency of 12.7 billion IU/liter. Dilutions were prepared with phosphate buffered saline (pH 8.0) containing 0.01% Triton X-100 as a surfactant and were sonicated. The three concentrations of 4.25, 8.5, and 17 IU/l caused Ϸ25, 50, and 75% mortality in previous laboratory tests with fourth-instar larvae (Bidon 1999) . Three types of exposure were tested for each of the three concentrations used: exposure to Btk at fourth instar followed by exposure to the same concentration of Btk of the same larvae at Þfth instar (experienced larvae), exposure to distilled water at fourth instar followed by exposure to Btk of the same larvae at Þfth instar (naive larvae), and exposure to distilled water at fourth instar followed by exposure to distilled water of the same larvae at Þfth instar (untreated larvae). To test for aversion learning in experienced larvae, naive larvae were considered as the control.
Insects were starved for 24 h after molting to enhance disk ingestion. A starvation period of 24 h after molting should not alter the response of spruce budworm to Btk, because they naturally do little feeding during that period . Following this, one larva was placed in each arena and allowed to feed for 24 h. Larvae were transferred back to an artiÞcial diet at the end of the test period, and frass production, feeding activity, survival, and pupal weight were monitored. An Optical Image Analysis System (Monochrome AgVision System, Decagon Devices, Pullman, WA) was used to measure the proportion of each cellulose disk that was eaten, which was used to estimate the ingested dose by multiplying the eaten proportion of the disk by the Btk concentration. Feeding abstention was identiÞed by a lack of feeding on the cellulose disk and by the absence of a period of feeding inhibition following the feeding test, as the ingestion of a sublethal dose of Btk causes temporary cessation of feeding .
Data Analysis. The relationship between the proportion of the cellulose disk that was eaten and Btk formulation concentration was analyzed with logistic regression. The relationship between dose ingestion and Btk formulation concentration was estimated with regression analysis. Comparisons between the dose ingested by naive and experienced larvae were carried out with analysis of covariance (ANCOVA) with Þfth-instar weight as a covariate. This was necessary to ensure that the dose ingestion by Þfth instars was not affected by a reduced weight due to sublethal dose exposure at the fourth instar. We estimated dose ingestion by regression and compared their slopes and intercepts. Doses were log-transformed to respect requirements for homogeneity and normality of residuals. The relationship between feeding abstention and larval weight was modeled using logistic regression. Tests of goodness-of-Þt showed no evidence of heterogeneity (P Ն 0.10). Since larval weight inßuenced feeding abstention, the relationship between the occurrence of larvae with no disk ingestion and Btk formulation concentration was analyzed by logistic regression coupled with contrasts with weight as a covariate. The comparison of the lack of larval feeding between feeding tests was performed with a chisquare test.
Results
Feeding Test at Fourth Instar. The most signiÞcant effect of Btk formulation concentration on the consumption of the cellulose disk by fourth-instar female spruce budworm was a reduction in feeding in the presence of Btk (concentration 0 versus all Btk treatments combined: 2 ϭ 646.63; n ϭ 577, df ϭ 1, P Ͻ 0.01) (Fig. 1A) . Because the dose ingested is a direct function of the amount of disk consumed, ingestion of Btk by treated fourth-instar larvae increased with the formulation concentration (F ϭ 295.43; df ϭ 1, 354; P Ͻ 0.01) (Fig. 2) .
A small proportion of the treated population did not feed on the disk in the feeding test at fourth instar (Fig.  3A) . The occurrence of this behavior was not related to the body weight of fourth instars (Logistic regression: P ϭ 0.35). Feeding abstention of fourth instars increased in the presence of Btk (concentration 0 versus all Btk treatments combined: 2 ϭ 34.91; n ϭ 577, df ϭ 1, P Ͻ 0.01) (Fig. 3A) but did not differ between the Btk treatments (P ϭ 0.31). All the larvae that abstained from feeding during the feeding test at fourth instar avoided lethal and sublethal effects of Btk (e.g., a period of feeding inhibition and weight loss) ( Table 1) . They also came to represent a signiÞcant proportion of the survivors (Fig. 3A) .
Larvae having experienced sublethal effects of Btk at fourth instar were used in the feeding test at Þfth instar. The larvae that abstained from feeding during the feeding test at fourth instar were tested again at Þfth instar to determine if they would abstain again.
Feeding Test at Fifth Instar. The consumption of the cellulose disk by Þfth-instar larvae was reduced in the presence of Btk formulation (concentration 0 versus all Btk treatments combined: 2 ϭ 548.03, n ϭ 391, df ϭ 1, P Ͻ 0.01) (Fig. 1B) . The consumption of the cellulose disk by naive and experienced Þfth-instar larvae was not different (P ϭ 0.61) (Fig. 1B) . Consequently, ingestion of Btk by naive and experienced Þfth-instar larvae was not different (P ϭ 0.88) and increased with Btk formulation concentration (naive; F ϭ 28.57; df ϭ 1, 126; P Ͻ 0.01; experienced; F ϭ 44.44; df ϭ 1, 193; P Ͻ 0.01) (Fig. 2) . Slope estimates (mean Ϯ SEM: naive larvae ϭ 0.071 Ϯ 0.013; experienced larvae ϭ 0.075 Ϯ 0.011, t ϭ 0.24, P ϭ 0.81) and intercepts (mean Ϯ SEM: naive larvae ϭ Ϫ0.410 Ϯ 0.168; experienced larvae ϭ Ϫ0.522 Ϯ 0.135, t ϭ Ϫ0.51, P ϭ 0.61) of regression lines for dose ingestion of naive and experienced Þfth instars overlapped.
Feeding abstention was negatively related to the body weight of Þfth instars (logistic regression: 2 ϭ 24.41, n ϭ 391, df ϭ 1, P Ͻ 0.01). Thus, larval weight at the beginning of the feeding test was used as a covariate in the analyses of the occurrence of this behavior. The occurrence of feeding abstention in naive and experienced Þfth-instar larvae did not differ (P ϭ 0.92). Also, feeding abstention did not differ between the Btk treatments (P ϭ 0.20). However, the occurrence of feeding abstention in Þfth instars increased in the presence of Btk (untreated versus all Btk treatments combined: 2 ϭ 14.48, n ϭ 391, df ϭ 1, P Ͻ 0.01) (Fig. 3B) . Again, all the treated larvae that abstained from feeding at Þfth instar avoided lethal and sublethal effects of Btk (Table 2 ) but this time, they only represented a minor proportion of the survivors (Fig. 3B) . Even if they were smaller than average before the feeding test, treated individuals that abstained from feeding on Btk-treated food during both feeding tests did not appear lethargic or unhealthy. Fifth instars that abstained from feeding were able to fully compensate for their smaller size and produced normal-sized pupae (Table 2) .
When tested again, fourth-instar larvae that abstained from feeding in the Þrst feeding test did not abstain from feeding more often than other larvae in the second feeding test (P ϭ 0.42). Less than 1% of the larvae showed no ingestion in both feeding tests.
Comparison of Fourth-and Fifth-Instar Response in Feeding Tests. The developmental stage of the insects affected the extent of their response in both feeding tests. Because dose ingestion and feeding abstention did not differ for naive and experienced larvae, data were pooled for Þfth-instar larvae. The effect of Btk formulation concentration on dose ingestion of fourth and Þfth instars was similar (mean Ϯ SEM of slope estimates of regression lines: fourth instar ϭ 0.086 Ϯ 0.005; Þfth instar ϭ 0.074 Ϯ 0.008, t ϭ Ϫ1.24, P ϭ 0.22) but dose ingestion was signiÞcantly higher at Þfth instar (mean Ϯ SEM of intercepts of regression lines: fourth instar ϭ Ϫ1.843 Ϯ 0.090; Þfth instar ϭ Ϫ0.483 Ϯ 0.086, t ϭ 10.91, P Ͻ 0.01) (Fig. 2) . The occurrence of feeding abstention was lower in the feeding test at Þfth instar than in the feeding test at fourth instar ( 2 ϭ 16.90, df ϭ 1, P Ͻ 0.01).
Discussion
The current study is the Þrst to report that Btk formulations can induce feeding abstention in larvae before ingestion of a Btk-contaminated food. Feeding abstention confers a signiÞcant Þtness beneÞt to the insect in the presence of Btk because lethal and sublethal effects resulting from the ingestion of Btk are avoided. Although they did not feed for 2 d, larvae that abstain from feeding either grew bigger or compensated for their smaller weight when compared with sublethaly treated larvae. This suggests that feeding abstention could permit the insect to avoid the effects of a spray application because the Þeld residual toxicity of treated foliage rapidly drops less than 2 d after an application (van Frankenhuyzen and Nystrom 1989) . A low density of larvae can consume signiÞcant quantities of foliage, and consequently, even if only a small number of larvae exhibit this behavior and survived Btk aerial spray, considerable damage can still be inßicted on the tree.
Two different criteria were used to test whether spruce budworm exhibit associative learning after repeated exposures to the Btk formulation. Previously exposed and unexposed Þfth-instar larvae did not differ in their dose ingestion and feeding inhibition when exposed to Btk. Consequently, we suggest that larvae do not modify their feeding behavior via associative learning. We do not exclude the possibility that learning has occurred, but if it happened, it simply did not increase the frequency of insects avoiding Btk formulation. Interestingly, these results and those of Schwartz et al. (1991) with the diamondback moth (Plutella xylostella L.), contrast with other studies where some larvae of Lepidoptera avoided food resources that produced a postingestional malaise (Dethier 1980 (Dethier , 1988 . It is possible that specialists like the spruce budworm and the diamondback moth have less need for food aversion learning mechanisms than insects that feed on many different hosts as suggested by Papaj and Prokopy (1989) . However, subsequent evidence indicate that the fall webworm (Hyphantria cunea Drury) and the gypsy moth (Lymantria dispar L.), two polyphagous species, exhibit no or only an Values reported are means Ϯ SEM. Means within a column followed by different letters are signiÞcantly different (P Ͻ 0.05; Student t-test). a Indicates feeding inhibition period because frass failure is a direct result of feeding inhibition ).
inconsistent behavioral response to B.t. (Ramachandran et al. 1993 , Robison et al. 1994 . It is also possible that spruce budworm larvae do not learn fast enough to modify their behavior in response to short-term stress. However, the usefulness of a slow-reacting food aversion learning mechanism is questionable since a large proportion of the survivors from the Þrst feeding test died in the second feeding test due to an incapacity to avoid Btk. Foray 48B formulations used in this experiment consist of a mixture of spores, endotoxin crystals, and vegetative cells as well as inert ingredients. Since Btk concentration did not affect feeding abstention, the inert ingredients of the Foray 48B formulation themselves may be suspected of inducing feeding abstention. However, using Foray 48B formulations that did not contain active ingredients, Bauce et al. (2002) showed that the inert ingredients had a signiÞcant attractive effect on fourth-instar spruce budworm and no effect on sixth-instar spruce budworm, although there was a slightly deterrent effect at high concentration. These results suggest feeding abstention is either due to the presence of active ingredients in the Foray 48B formulations or to fermentation byproducts associated with the crystal/spore suspension.
Although the behavioral response of spruce budworm larvae was relatively unaffected by formulation concentration, the developmental stage of spruce budworm larvae inßuenced the magnitude of their response in feeding tests. When feeding on cellulose disks, Þfth instars ingested more Btk and abstained less than fourth instars. Moreover, we observed that feeding abstention diminished as Þfth-instar weight increased. Since the rate of food consumption increases with larval weight and subsequent molts (Retnakaran 1983 ), larval food requirements and feeding abstention on Btk-contaminated food were inversely related in the current study. Because we have no reason to believe that larval weight in a speciÞc stadium can inßuence the sensory structures of an insect, it appears that only larvae with reduced appetite can successfully abstain from feeding on the Btk-contaminated food over a 24-h period. In other words, larger larvae need to eat more and may therefore be less discriminating. Changes in gustatory stimuli may also be involved in the differences observed between fourth and Þfth instars. Sixth-instar feeding behavior is strongly inßuenced by sugar level while fourth-instar feeding behavior is more inßuenced by nitrogen content of the food (Albert and Bauce 1994) .
Despite the fact that we used cellulose disks in this experiment to reproduce Btk sprays, the ingested dose are in the same range as in other studies that examined the effects of Btk on the spruce budworm using discrete droplets (Pedersen et al. 1997 ). This gives us reason to believe that observed behaviors were not greatly affected by experimental conditions. However, larvae in the Þeld encounter Btk as discrete droplets and not as a product uniformly spread over an area and consequently, the behavioral response of the spruce budworm could be affected by several factors not simulated in this laboratory assay. Nevertheless, some implications for management of this insect are suggested from the present experiment. The relatively low proportion of larvae that abstain from feeding in the feeding test as Þfth instars and the absence of aversion learning by this insect suggests that Þeld efÞciency of multiple Btk applications is not reduced by associative learning and feeding abstention. These results also suggest that unlike insects that feed on B.t.-transgenic plants ( Ramachandran et al. 1993 , Robison et al. 1994 , spruce budworm larvae exposed to Btk do not have the opportunity to learn and modify their feeding behavior, possibly because of the brevity of the stress. Values reported are means Ϯ SEM. Means within a column followed by different letters are signiÞcantly different (P Ͻ 0.05; Student t-test).
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